Helium retention with dislocations in deformed pure iron 
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Abstract 


Effects of deformed dislocation on helium retention in pure iron, including the 
helium atoms diffusion along the dislocation line and desorption from dislocation 
trapping sites, were investigated. The dislocation defect was introduced in specimens 
by cold-rolling, and then 5 keV helium ions were implanted into the deformed 
specimens. Slow positron beam technology and thermal desorption spectroscopy were 
used to investigate the evolution of dislocation defects and the desorption behavior of 
helium atoms under influence of dislocation. The behaviors of S-E, W-E and S-W plots 
indicate clearly that lots of helium atoms remain in the deformed specimen and helium 
atoms combining with dislocation change the distribution of electron density. The 
helium desorption plot indicates that dislocation accelerates helium desorption at 293 
K-600 K and facilitates helium dissociation from HenVm (n/m=1.8) cluster. 


Keywords: Helium diffusion; Dislocation; Thermal desorption; Positron annihilation 


1. Introduction 


Irradiation hardening, swelling and helium embrittlement are the main problems 
in first-wall materials of nuclear fusion reactor. These problems have relations with 
helium atoms in the material, and helium atoms were generated almost due to the (n, a) 
nuclear reaction [1, 2]. It is well known that the helium atoms have low migration 
energy and low solubility in iron-based alloy, and have strong interaction with the 
micro-defects, such as vacancies, dislocations, grain boundaries and vacancy clusters. 
As a result, the helium atoms were easily trapped by the micro-defects and aggregated 
to form HenVm clusters nearby the micro-defects, which increase the ductile brittle 
transition temperature of materials. Eventually, helium embrittlement is considered as 
one of the menaces to the reactor safety. Many researchers have been committed to 
focus on helium embrittlement, helium bubbles formation and materials swelling 
phenomenon [3-6], and also paid attention to effects of micro-defect on helium atoms 
migration. Noteworthy, helium atoms, as the impurity atoms, can easily diffuse along 
the dislocation line direction [7-9]. Xu et al. reported that the dislocation-trapped 
helium could affect the mechanical properties of pure iron, and the deformation 
dislocations can enhance the helium diffusion along dislocation line [10]. The 
interaction between dislocations and helium atoms has attracting researchers, which is 
benefit for understanding helium aggregation, nucleation and growth mechanism 
nearby the dislocation. 

The reduced activation ferritic/martensitic steels are one of the candidate structural 
materials for fusion reactor. The nuclear structural materials including Eurofer 97, 
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CLAM, F82H and Fe9Cr2WVTa, are iron based alloy. In order to investigate the 
interaction between dislocation and helium, pure iron which has similar lattice structure 
to aforesaid nuclear structural materials was used in present study. 

Positron annihilation Doppler broadening spectroscopy (DBS) is usually used to 
characterize micro-defect evolution because the positrons were easily trapped in 
micro-defects and annihilated with electron around micro-defects. The results of DBS 
can be used to analyze the change information of defects [11]. Thermal desorption 
spectrum (TDS) is an effective experimental methods to observe the helium desorption 
behavior in materials. Helium desorption activation energy with the temporal 
temperature can be estimated from the relationship between the helium desorption rate 
and heating time. In this paper, the interaction between dislocation and helium atoms 
was analyzed by DBS and TDS. 


2. Experimental procedure 


Polycrystalline iron was used and the iron (purity: 99.99%) was cut to 10 x10 mm 
with a thickness of 0.3 mm. All specimens were annealed at 1023 K for 2 h in vacuum 
(~10° Pa). In order to introduce dislocation defects, the well-annealed specimens were 
rolled 10% thickness reduction by cold rolling machine. And then, the specimens were 
annealed at 673 K for 1 h in vacuum (~10° Pa) to eliminate the vacancy type defects 
[12], and reserve the dislocation type defects in the matrix, the transmission electron 
microscope (TEM) images of the well-annealed specimen, before and after 673 K 
annealed of deformed specimen were shown in Fig. 1. Before the helium implantation, 
all specimens were chemically polished to clean the surface. Helium implantation was 
carried out using 5 keV He* with a flux of 5.0 x 10!” He*/m?s at room temperature, and 
the total irradiation dose was 1x10% He*/m/?. 

DBS of slow positron beam was carried out to characterize the defect depth 
distribution. Positrons are generated by 45 mCi **Na (2014) radiation source and 
moderated by solid Ne moderator. The single HPGe detector was used in DBS 
measurement to detect the emitted y rays by positron annihilation. The monoenergetic 
positrons were implanted into the specimens with the energy varied from 0.1 keV to 20 
keV. S and W parameters were usually used to describe the momentum distribution of 
annihilated electron. S parameter is defined as the ratios of the central area counts for 
low Doppler-shift (510.2 keV-511.8 keV) and W parameter is defined as the two flanks 
regions counts for high Doppler-shift (504.2 keV-508.4 keV and 513.6 keV-517.8 keV) 
in the DB spectra to the total counts. The total counts of the DB spectrum is 
accumulated to 2.0x10° to reduce the statistical error. 

TDS was widely used for studying helium desorption processes as a usual 
experimental tool [13, 14]. In this experiment, the temperature is ramping with 1 K/s 
from 293 K to 1400 K by infrared radiation heater. During heating, helium was 
monitored by a quadrupole mass analyzer in a vacuum of 10° Pa. 


3. Results 
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Fig. 1. TEM result for microstructure of dislocation. (a): well-annealed specimen, (b): deformed specimen, (c): 


deformed specimen and annealed at 673 K for 1 h. 

The microstructure of dislocations were shown in Fig. 1. The well-annealed specimen 
has little dislocation and the deformed specimen has lots of dislocation in the dark area. 
After 673 K annealed for deformed specimen, there are still lots of dislocation. In the 
positron annihilation lifetime test, the positron lifetime of well-annealed specimen was 
105.9 ps. The long lifetime z2 was changed from 150 ps (deformed) to 117.3 ps (673 K 
annealed). It demonstrates that deformed specimen annealed at 673 K which can 
eliminate the vacancy type defects and reserve the dislocation type defects in the 
matrix. 
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Fig. 2. Profiles of vacancies and helium atoms distribution in iron implanted with 5 keV He* calculated with 
SRIM2013. 

The distribution of implanted helium and produced vacancies were simulated by 
SRIM, as shown in Fig. 2. The displacement energy of Fe was set to 40 eV [15]. SRIM 
calculation demonstrates that the approximate helium maximum penetration depth is 
only 84 nm. The vacancy peak and helium distribution peak locates at ~12 nm and ~23 
nm, respectively. 

S and W parameters as a function of incident positron energy are shown in Fig. 3, 
and the positron implantation depth is estimated using the following experimental 
equation [16]. The calculated results are also shown on the upper horizontal scale in Fig. 
3. 
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where Z is expressed in units of nm, p is the density in units of kg/m, the density of 


Z(E) = 


pure iron is 7.86x10°kg/m? in present experiment, and E is the positron energy in units 
of keV. 

It is shown that the S parameters of all specimens were larger at low incident 
positron energies (the range of 0.1 keV ~ 2.0 keV), which was due to the surface effect, 
including the production of ortho-positronium and the positrons backscattering [17]. 
Subsequently, the S parameter decreased with the positron energy increasing and then 
tend to be stable when the energy is above 11 keV. The area was named stable area 
where from 11 keV to 20 keV. For the deformed specimen, the S parameter was larger 
than that of well-annealed specimen in the stable area. After helium implantation, the S 
parameter of deformed specimen decreased. The W parameter of well-annealed 
specimen is larger than that of deformed specimen in the stable area before helium 
implantation. After helium implantation, the W parameter of well-annealed specimen is 
still larger than that of deformed specimen, but the increment is smaller than that of 
deformed specimen. 

Moreover, the S-W plot was used to describe the positron annihilation mechanism 
with different type of defect [18]. The dots showing a linear relationship means that the 
positron annihilation mechanism did not change, which indicates that there may be only 
one type of defect in the specimen. The S-W curves slope was associated with the type 
of defect. The S-W curves of well-annealed and deformed specimens were shown in 
Fig. 4. Before helium implantation, the S-W curve of well-annealed specimen 
demonstrate a linear relationship, whereas the dots of deformed specimen were 
concentrated in the stable area. After helium implantation, the S-W curves of both well 
annealed and deformed specimen were similar with the result of unirradiated annealing 
one, and they demonstrate a linear relationship. 
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Fig. 3. S and W parameter as a function of incident positron energy (mean implantation depth) in unirradiated 


and irradiated iron 
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Fig. 4. W-parameter as a function of the S-parameter for well-annealed and deformed iron 

Fig. 5 shows the TDS results of well-annealed specimen and deformed specimen, 
respectively. The specimens were irradiated by 5 keV He’ ions with a dose of 1.0x107° 
He*/m? at room temperature. The helium desorption peaks of well annealed specimen 
in Fig. 5(A) were at 683 K (peak a), 780 K (peak b), 1180 K (peak c), 1209 K (peak d), 
1270 K (peak e) and in the range from 800 K to 1100 K, respectively. Fig. 5(B) is the 
result of deformed specimen, and the helium desorption peaks were at 550 K (peak 1), 
800 K (peak 2), 1047 K (peak 3), 1135 K (peak 4), 1270 K (peak 5) and in the range 
from 800 K to 1100 K, respectively. 
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Fig. 5. Helium thermal desorption spectra for iron. (A): 5 keV He” ions irradiated in well-annealed iron and (B): 5 


keV He* ions irradiated in deformed iron. 


4. Discussion 


The S parameter describes the information of positron annihilated with valence 
electron and reflects the information of the micro-defects. The numerical value of S 
parameter is related to the type, density and size of defects. There are lots of 
dislocations in the deformed specimen before helium implantation. In previous study, 
the dislocation density of 10% deformed specimen was estimated to be 10°/cm? [19, 20]. 
Therefore, positrons were easily trapped by dislocations and have higher probability 
annihilated with valence electron. Ignoring the surface effect, the S parameter of 
deformed specimen is higher than that of well-annealed specimen in the stable area. 
After helium implantation, many vacancies and helium atoms are introduced in the 
damage area distributes around at 12 nm according to the SRIM calculation. It is well 
known that helium atoms can diffuse easily in iron due to the low migration energy 
(0.078 eV) [21]. In addition, the migration energy of vacancy is 0.78 eV in defect-free 
iron [22]. Therefore, vacancy migration is more difficult than helium migration in the 
matrix at the room temperature. Xu et al. reported that the 100 eV He* with a flux of 5.0 
x 10! He*/m’s implanted in deformed pure iron specimen and the total dose was 1.0 x 
107° He*/m?, the helium atoms concentration could reach 1.2 ppm in 1000 nm of the 
surface in the deformed specimen [10]. In addition, helium has negative affinity for 
electrons, which lead the probability of positron annihilation with the valence electron 
decreased [23]. Therefore, The S parameter of the deformed specimen decreased in the 
stable area. For well-annealed specimen, the S parameter is almost no change because 


of there are few vacancy type defects in the stable area. Therefore, whether helium 
atoms exist or not in the stable area, the S parameter of well-annealed specimen is 
almost no change. The W parameter will be affected if the helium atoms exist in the 
stable area. W parameter reflected the information of positron annihilation with the 
high momentum electron. After helium implantation, helium trapped by dislocation 
which lead the effective positron trapping state density decreased and the probability of 
positron annihilation with high momentum electron was increased in the stable area. 
The increment of W parameter has negative correlation with effective positron trapping 
state density. Obviously, it indicates that there are more helium atoms remain in 
deformed specimen than that in well-annealed specimen in the stable area. 

Before helium implantation, the S-W curve of the well-annealed specimen is fitted 
as a linear function. However, the range of the S-W curve in the deformed specimen is 
shorter than that for the well-annealed specimen, which is due to the formation of 
dislocation defects. After helium implantation, a new type defect (i.e., helium cluster - 
dislocation HenD) formed due to the combination of helium atoms and dislocations, 
which changed the probability of positron annihilation with the electron around 
dislocations. So that the S-W curve of the deformed specimen is fitted as a linear 
function after helium implantation. 

The thermal desorption spectroscopy indicates that the helium desorption peaks 
with a constant heating rate correspond to the release of helium atoms from different 
trapping sites. Based on simple first order dissociation kinetics, the helium desorption 
activation energy was calculated with the followed equation, i.e. [24]: 


N 
E T 


, (2) 
Where N is the number of helium atoms remaining and not yet desorbed from a 
trapping state, f is the jumping frequency (assumed to be 10!/s), E is the helium 
desorption activation energy for the trap, and Kg is the Boltzmann constant. Desorption 


peak temperature Tp, heating rate £ and helium desorption activation energy E have the 
derived relationship, i.e. [24, 25]: 
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In this TDS experiments, the heating rate J was fixed at 1 K/s, the helium desorption 
energy E was reckon as [26], 


E = 0.0029Tp (4) 


The desorption energy of helium atoms from defect were estimated by the above 
equation. The results of desorption energy are tabulated in Table 1. 
Table 1 
Desorption temperature and desorption energy 
Desorption Temperature (K) Peak and desorption energy (eV) 


Fig. 5(A) Fig. 5(B) Fig. 5(A) Fig. 5(B) 


683 550 Peak a: 1.98 Peak 1: 1.60 
780 800 Peak b: 2.26 Peak 2: 2.32 
1180 1047 Peak c: 3.42 Peak 3: 3.04 
1209 1135 Peak d: 3.51 Peak 4: 3.29 
1270 1270 Peak e: 3.68 Peak 5: 3.68 


After helium implantation, many vacancies were introduced in the specimen, and 
helium-vacancy (HenVm) clusters were formed due to the combination between 
vacancies and helium atoms, where n and m are the numbers of helium atoms and 
vacancies in clusters, respectively. The helium atoms stable configuration in the HenVm 
clusters primarily depends on the helium-to-vacancy ratio (n/m) of the cluster [26]. The 
binding energy of helium atoms to a HenVm cluster gradually decreased as 
helium-to-vacancy ratio increased. 

Vacancy type defects introduced by helium ion irradiation start to recover at 673 K 
and completely recover near 1273 K [27]. With temperature increasing, the 
helium-to-vacancy ratio rises with the recovery of vacancy type defects. Therefore, 
helium atoms were easily dissociated from HenVm clusters when the helium-to-vacancy 
ratio increased. For the helium desorption curve in Fig. 5(A), peak a located at 683 K, 
which was considered as the vacancy recovery. But the peak 1 in Fig. 5(B) (550 K) 
appears before peak a. This is because many vacancies and helium atoms were trapped 
by dislocation which prevent the larger HenVm cluster formation. Vacancies could be 
detrapped from dislocation at 573 K [22], which lead to the helium-to-vacancy ratio 
increased near the dislocation area. Therefore, the peak 1 appear earlier than peak a. It 
indicates that dislocations promote helium atoms desorption from HenVm cluster at low 
temperature. Meanwhile, the helium atoms desorption rate of deformed specimen is 
larger than that of well-annealed specimen in the range from 293 K to 600 K, which 
demonstrate the helium atoms were easily dissociated due to dislocation existence at 
low temperature. 

Table 2 
Theoretical de-trapping energy and calculative desorption energy of helium in iron 


Emigration (eV) Epinding (eV) Ede-trapping (eV)  Edesorption (eV) Defect type 


Bulk: 0.078 2.26 2.338 Peak b: 2.26 dislocation 
Peak 2: 2.32 
2.87 2.948 Peak 3: 3.04 jog 
3.24 3.318 Peak c: 3.42 vacancy 
Peak 4: 3.29 


The theoretical de-trapping energy and calculative desorption energy of helium to 
different type defects are tabulated in Table 2. Helium irradiation also can introduce a 
few of dislocation type defects, and the dislocation begin to recover at about 800 K [22]. 
The de-trapping energy of helium atom from dislocation is 2.338 eV, which is the sum 
of the binding energy of helium atom to the dislocation (2.26 eV) and the migration 


energy of helium atom to iron (0.078 eV). The desorption energy of helium atoms of 
peak b and peak 2 are 2.26 eV and 2.32 eV. Thus, peak b and peak 2 were assigned to 
the helium atoms desorption from dislocations. The range from 800 K to 1100 K of both 
Fig. 5(A) and Fig. 5(B) were assigned the helium atoms dissociated from HenVm 
clusters and dislocation networks (HenD). Meanwhile, the size of HenVm cluster 
become larger and the helium-to-vacancy ratio shows a decrease first and then an 
increase with the temperature rising. For the deformed specimen, dislocations were 
interlaced and formed a segments of dislocation line. The segments of dislocation line 
which not belong to the original glide plane are jogs. The binding energy of the helium 
atoms to jog is 2.87 eV which is larger than helium atoms to dislocation (2.26 eV) [28]. 
It indicated that helium atoms combine with jogs were more stable than dislocations. 
The de-trapping energy of peak 3 in Fig. 5(B) is 3.04 eV, approximating the binding 
energy of the helium atoms to jogs (2.948 eV). Thus, peak 3 was regarded as helium 
atoms dissociation from jogs. 

When the temperature above 1100 K, the helium-to-vacancy ratio was 
approximately equal to 1.8 and the HenVm cluster (n/m=1.8) begin to form the more 
stable and larger size helium bubble. The de-trapping energy of helium atom from 
HenVm cluster (n/m=1.8) is about 3.24 eV [27]. The desorption energy of helium atom 
of peak c and peak 4 was closed to 3.318 eV (=3.24 eV+0.078 eV). Peak c and peak 4 
were assumed to be the helium atoms dissociation from HenVm cluster (n/m=1.8). 
However, peak 4 appears earlier than peak c. The possible reason is that vacancy 
self-diffusion mobility in deformed specimen was higher than that in well-annealed 
specimen [22]. The migration energy of vacancy along the dislocation was 1.25 eV, and 
the formation energy of vacancy in the dislocation core was 0.86 eV. The migration and 
formation energy of vacancy in bulk were 0.78 eV and 1.70 eV, respectively. Therefore, 
the self-diffusion energy of vacancy along the dislocation and in the bulk were 2.11 eV 
and 2.48 eV. The HenVm cluster migration, aggregation and growing process are 
dynamic process with the temperature rising, and the vacancy continually absorbed and 
released in the dynamic process. The dislocation may play a positive role in vacancy 
releasing, which lead the helium-to-vacancy ratio increased. So helium atoms were 
emitted from HenVm cluster (n/m=1.8) in order to keep the HenVm cluster (n/m=1.8) 
structure stable. Thus, the peak 4 appeared earlier than peak c. It can be infer that 
dislocation promote the helium desorption form HenVm cluster (n/m=1.8). 

The temperature (~1185 K) was the lattice structure transformation point from 
BCC to FCC in pure iron. At this temperature, the defects were almost annihilated and 
amounts of helium atoms were released, so the helium desorption peak was sharpened. 
The sharpened peak d were observed in well-annealed specimen. However, there are no 
sharpened peak in deformed specimen, the most likely reason is that the migration and 
aggregation of HenVm clusters (n/m=1.8) will restrain by the existence of dislocation 
with the temperature rising. There will be more smaller-sized HenVm clusters in 
deformed specimen compared with well-annealed specimen. When the lattice structure 
beginning to change, there may exist a process that the smaller-sized HenVm clusters 
coalesce and form a larger helium bubbles rather than emit helium atoms. It indicates 
that the dislocation could restrain the larger-sized helium bubble formation. At last, the 


peak e and peak 5 were assigned the dissociation from helium bubbles. 


5. Conclusion 


The effect of dislocation on helium diffusion and desorption in helium irradiated 
pure iron was studied by DBS and TDS. Helium atoms combined with dislocation 
change the type of defect (i.e., HenD). Dislocation promotes the helium desorption at 
293 K-600 K and promotes helium dissociation from HenVm clusters (n/m=1.8). The 
desorption energy of helium atoms from dislocation was estimated 2.32 eV in the 
deformed specimen and helium combined with jogs was more stable than dislocations. 
The existed dislocations in pure iron could restrain the formation of large-sized helium 
bubble. 
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